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1.0 INTRODUCTION 
This report gives the results of work done on contract NAS 8~ 
20729 "Design, Development, Faurication and Delivery of Fluidic 
Accelerometers." The contract was supported by the Ge'lrge C. 
Marshall Space Flight Center, Astrionics Laboratory, NASA, Hunts-
vi IV Alabama. 
Two fl~idic accelerometers were deSigned, developed and tested 
on this contract. The accelerometers are of the closed loop force 
balance type with a differential output pressure directly propor-
tional to acceleration. 
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2.0 SUMMARY 
2.1 Design Goals 
Two fluidic accelerometers were developed using the follow-
ing specifications as design goals. 
Range- ± 19 
Fluid Media- Air filtered to 25 microns 
Supply Pressure- 20 psig. The dev1ce will have structural 
capability of operating at 100 psig. 
Maximum output Pressu~~- The output pressure for an input of 19 
will be at least S psig WIth a supply pressure of 20 pSig. The 
maximum flow rate will be .1 scfm or greater. 
Linearity- The output will be within the limits described in 
Figure 2.1. 
Temperature Operating Range- From 00 to 3500 F. 
Frequencl Response- Within the specified region as described in 
Figure 2.2. 
Acceptable Phase Lag- The phase angle will be equal to or less 
than the phase lag of a linear second order system with a natural 
frequency of 80 cps and peaking of 1 db or greater. 
2.2 Sys tem and Hardware Des,crlption 
A schematic of the fluidic accelerometer is shown in Figure 
2.3. The basic sensor is a seismi~ mass M supported by a soft 
flexure P. The flexure has a hollow tubL to produce a jet imping-
ing on two fluidic receivers A. 
Acceleration of the mass along the se~sitive axis recults 
in a displacement of the mass and jet pipe relative to the pick-off 
probe. The resuiting differential signal pressure is amplified and 
applied to the nulling nozzles N, to produce a force to restore the 
mass to its neutral position. Closed loop operation maintains ~he 
restoring force (proportional to the differential pressure ~~) 
equal to the force accelerating the mM€8. Tbe scale factor (r~i 
p~r g) is then a function at tbe mae. and of the area of the nulling 
nozzles. 
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The spring-mass system comprised of the seismic mass 
and flexure has very low inherent damping and will be osci,llatory 
unless additional damping is provided. The additional damping 
required is provided by a fluidic' lead-lag circuit. 
The principal advantages of this approach a~e: 
.No close fitting sliding parts are used . 
. The outpu+ signal is essentially independent of 
supply pressure and gain variations . 
. Characteristics such as response, range and 
scale factor can be conveniently varied by 
adjustments in the feedback amplifier. For 
example, the scale factor can be varied by 
changing the nulling nozzle area. 
Figures 2.4 and 2.5 are photographs of the hardware delivered 
on this program. Figure 2.4 shows the assembled accelerometer. 
All the component parts such as tne seismic mass, pick-off ampli-
fier, lead-la~ circuit and power a~plifier are mounted on a rigid 
bast~ which also serves as a manifold for int~rconnecting amplifi-
ers and distributing of supply pressure to the amplifiers. The 
component parts are mounted to make the signal path as short as 
poss ible. The overall response of 
dependent on this path length. In Figure 2.5 the nulling nozzle 
assembly and the pick-off amplifier have been removed to show the 
seismic mass and fleyure. All the component parts of the flexure 
assembly - base, flexure and seismic mass - are stainless steel 
joined by soldering w The center flexure member is a hollow tube 
with an inner diameter of .01 inches. and also functions as the jet 
pipe for the pick-Jff amplifier. Two additional wires are used to 
stiffen the flexure along the insensitive axis. The pick-off 
amplifier is provided with a mechanical stop which restricts 
movement of the jet pipe to the linear range of the pick-off 
amplifier. Vernier nulling of the accelerometer is done by 
positioning the pick-off amplifier along the sensitive axis so 
that the differential output of the nulling nozzles is zero when 
zoro acceleration is applied along the sensitive axis. The output 
of the pick-off amplifier ccuples directly into the lead-lag 
circuit mounted on the vertical face of the manifold. The cylindri-
6 
-J 
FIG. 2.4 
FLUIDIC ACCELEROMETER 
J-... .." ...... ~ 
SEISMIC MASS 
NOZZLE 
ASSEMBLY 
OPERATIONAL 
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FIG. 2.5 
FLUIOIC At;CELEROMETER 
PARTIAllY Df SASSEM BlE D 
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PICKOFF 
IAMPlIFIER. 
'-!' 
,.' 
cal can on either side of the manifold is a fluid capacity used in 
the feedback of the operational amplifier. The output of the 
operati~nal amplifier couples directly to the two stage output 
amplifier mounted on the oottom surface of the manifold. A 
channel through the manifold block couples the output amplifier 
to the nozzle block. The output of the accelerometer is taken 
off either side of the nozzle block. 
2.3 Test Results Summary 
The hardwar~ delivered on this program deviated from the 
original design goals as followf": 
1. The range on the accelerometer is ± .8g as compared 
to the design goal of ~ 19. The range is strongly dependent on 
circuit bandwidth in this configuration. 
The ± .8 max g limitation results from a bandwidth 
limitation rather th~n a force limitation. The max. range can be 
made relatively independent of bandwidth by incorporating an 
integrator in the fluidic circuit. A complete redesign of the 
manifold and base would be required to incorporate the integrator. 
This modification is recommended for all applications requiring a 
range in excess of ± .5g. 
2. Frequency response falls outoide the specified region 
in several frequency bands. The measured response is superimposed 
on the design goals in Figure 2.6. Two sets of measured data are 
shown; the data exhibiting a 9 db peak at 80 HZ was obtained on an 
accelerometer with a range of ± .6g. The second set of data was 
obtained after circuit modification to extend the range to ± .8g. 
In both cases the peak in the response curve falls outside the 
acceptable region. This again is a bandwidth limitation and is 
representative of the "circuit state-of-the-ar.t." 
3. The max. temperature operating range is restricted to 
300°F as cOkiapared to the design goal of 350o}~. This restriction 
is due to the solder used in fabrication of the stainless sterl 
seismic mass and flexure assembly. The accelerometer was tested 
o to +300 F, the scale factor changed less than .5% and null by less 
than .006g over the range tested. No operational difficulties are 
9 
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expected at higher temperature ranges. A copper brazed seismic 
mass assembly will extend the operating temperature to well above 
the design goal. 
Measured clDsed loop phase lag is compared to the design 
goal in Figure 2~7 The phase lag on the ± .6g range accelerometer 
meets the reqUi1"e rllentS at all frequencies below 80 HZ. Addition of 
an integrator in the loop will make it possible to meet the phase 
lag requirements as well as righer ranges of acceleration. 
The output vs. g is superimposed on the linearity 
requirements in Figure 2.8. The output curve falls within the 
requirements over the complete grange. 
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3.0 SYSTEM ANALYSIS AND DESIGN 
3.1 Transfer Function Derivation 
A block diagram of the accelerometer is shown in Figure 
3. 1. The flexure and se ism ic mass is represen ted as a sing] e s prin,{-
mass system. The resonant frequency of the flexure and mass ( .....AJ
n 
) 
is equa 1 to / K \ 1 f 
w/ 
\ /g I 
, the damping factor ~~ is the inherent ) 
damping of the flexure, it will normally be less than .01 and for 
all practical purposes can be neglected. 'fhe system damping required 
is provided by the fluidic lead-lag circuit shown as a sin~1e lead 
followed by a lag break. The ~ain term G includes the tot~l propor-
tional gain of the fluidic circuit. The block labeled "circuit lag" 
represents transport lags due to path length and phase lag resulting 
from time constants in the power amplifier and piCk-off amplifiers. 
!' The break frequencies resulting from these time constallts will occur 
beyonJ system cross over and can be lumped into one equivalent time 
cons lan t. 
Th" open loop transfer function in terms of force a·....:tl. ng 
on the mass is: 
1 . t= 
-J ~I T.,. 
r' K A G (1+TS) 
r.. ~ ... n '-' Ii 
F {1+2 oS + 92' 
.. 
Kf Cl+T1S} (1+T2S) Wr; w.,-
'7 
F is the output force and F is t:le applipd force. 
o 
The clo8ed loop transfer function in terms of output 
) 
pro8sl l re ( 6 Po ) and applied ga-(a i/g ) is: 
2. 
WG (1+TS>. 
+-'#-f-'() Kf (l+T S) (l+T sj (1+2 (:is A 1 . 2 ,i(),'1 -'t'T) 'j., 
.-
"" 1+ K A r (1+TS) a .... lib n n 
(l+T IS) (f+T2 S) (1+2 (5 S - S9 Kf + (/ Ii ,.) ;.\ ~I 
If the open loop transfer function (equation 1) is much 
.. 
• larger than unity equation 2 reduces to: 
14 
0 
t=-' 
ClI 
.~.~,~..l. I!:"~,,ut,"~""'_ 
~ •.. ~- ."",,~'<r'~-:#~ "'¥~ .... r-: ... ~.,i..:~ 
FLEXURE: 
I Fi.{)?) FE /K f ~;% 
I ~ I I t 2 8 s + 52 
Fa I wn 
·w
n
2 
Kf - FLEXURE GRADIENT 
-wn - RESONANT FREQ. O~ FLEXURE 
G ~ ~OPORT'ONAL GAIN 
W - WEIGHT OF SEISMIC MASS 
KH _ NOZZLE FORCE COEFFIENT 
AN - NOZZLE AREA 
TT - TRANSPORT LAG 
LEAD-LAG 
G ( 1+ TS ) 
(I+T1 S) 
KNAN 
, A,~ 
FiG. 3. I ,JR(fORTtONAl (PL.US LEAD - LAG) 
,," 
i 
I 
CIRCUIT - LAGS 
- JW T E T 
( I + Tz S) I Po 
L 
~:.'.' ~. 
/. 
3. w 
= K A 
n n 
With sufficiently high loop gain the scale f~~tor is a 
function of only tile se:i.smic mass and the nozzle area and its force 
coefficient. 
A practical mechanization of an accelerometer as described 
by equation #1 will have to satisfy certain minimum band width 
criteria which are dependent on the range and maximum permissable 
flexure deflection. These criteria can be deduced by referring to 
the simplified diagram shown in Figure 3.2. The proportional loop 
gain K A G should be as high as ~ossible to make the accelero-
n n 
-x;-
t~·~ ~ meter scale factor dependent on only the mass and nozzle character-
~j(i 
~., istics. In a practical device the proportional leop gain should be 
"f; ~ greater than It. The flexure has negligible damping, hence the mass 
J . 
~ displacement is a~celeration limited in the frequency range where the 
system comprised only of the flexurL and mass and proportional gain 
goes through unity gain. If it is assumed that this lead break in 
the damping loop occurs b~yond crossover then ~ becom'es the 
minimum cross over frequency of the accelerometer. 
diagram, 
4. lU ~ ~ 4.n <!.) ~ = I Kr \ i (loop gain) o \ Wig;; ~
From the Bode 
Now considering the FLctual mechanization of the accelero-
meter there will be a maximum linea.'.~ r~~ge or operating r&nge of t\,~ 
fluidic circ~it~ which can be related back to a ma~lmum flexure 
di.£placem.ent. ( D max). 
Now using equation 3 and noting that J.)Po .... DG 
5 .. D = w 
r~ ')--
" g 
Kfl A:'} r: 
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To satisfy criteria that D D at the maximum 
max 
6. 
Substituting into equation 4. 
Equation 7 states that the system bandwidth must be 
greater than ~)o and that ~O is a function of only the g range the 
accelerometer is designed for and the permissable flexure deflection 
when maximum g ,S are applied. In an actual ~echanization q ) 
"max 
will normally b~ set by the physical size of the jet nozzles and pick-off 
a~plifier, hence once the pick-off amplifier configuration is selected 
the minimum system bandwidth is directly proportional to the square 
root of the grange. 
By manipulating equation 4 and 6 it can be shown th~t to 
satisfy the minimum bandwidth 
8. 
loop gain= 
e. r W /n· ~ 
D K:-( (max) f 
where ~n is the resonant frequency of the flexure. 
if 
The primary parameters of the accelerometer can now be 
determined in terms of the design goals and geometry of the pick-off 
amplifiers. The particular pick-off amplifier used permtts a lmax) 
of .008 inches. A loop gain of 10 was selected to satisfy linearity 
requirement~. 
~ ~i ::= 386 .. (. 008) 10 9. 69 rad/sec 
and 
18 
10. = 220 rad/sec 
The minimum crossover of ~O 1s a limit which is 
approached as system damping approaches zero. A practical minimum 
crossover uill be approximately 50% higher or 330 rad/sec. The 
design goal bandwidth based on intended application of the accelero-
meter is 500 rad/sec. The ~inimum system band width is then dictated 
by the design goal bandwidth rather than the design goal of ± Ig on 
range. 
The particular mechanization shown in Figure 3.1 does 
not lend itself to a high grange -- i.e. a high range will demand 
excessive system bandwidths. It is estimated that current "state-
of-the-art" amplifiers will limi t Wo to a maximum of 250 rad/sec. 
The maxlm'lm range can then be deduced from equation 7. 
= &-5~? (.. 008) - ~ 1.3g 
386 
An bcceleromet0r with only proportional gain and lead-
lag for damping will then be limited to relatively low g applications. 
A method of extending the range independently of band-
width is illustrated by thp. block diagram of Figure 3.3. Mechaniza-
tion of this system requir~~ the addition of an integrator or lag-
lead circuit as shown by toe simplified Bode plot of Figure 3 0 4. 
Th~ minimum system bandwidth :.ts uOW: 
12. 
and 
13. 
g -r 
19 
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Comparing equations 13 and 11, 
range is extended by the ratio of (;~ ) • 
constants can b~ quite readily achieved. 
it is apparent that the 
A range vf 20:1 in time 
This will exte~d the g 
capability of the accelerometer to the ± ~Og range. Another 
advantage of the integrator is that the maximum steady state loop 
gain is also increased by the ratio of • This results in 
improved stability and linearity of scale factor. 
Mechanization of the second system is considerably 
more complex than the single proportional system and it should be 
selected only if required to meet the system design goals. 
3.2 Linearity_~d Scale F3ctor Stability 
14. 
given by: 
15. 
16. 
The steady state scale factor from equation #2 is: 
~ Po WG/Kf 
N ----la. \. 1/g 1 + K XC;--n n Kf 
The variation of scale factor with a change in Kf is 
Expressing 
d~P~ = at % ~ 
= 
equac10n 15 in terms of percent change: 
1+ K A G 
n n 
K f 
~AnG is the steady state 100p gain. When the loop 
K
f 
-
gain is muc~ greater than u'/Itty it is apparent that the influence of 
flexure gradient on scale ldcto~ or linearity is reduced by a factor 
equal to the loop gain. For example, the spring constant of a stain-
o less steel flexure will chang€ approximately 2% per 100 F, if a loop 
gain of 10 is used this will re!lect only a .2%/lOOoF change into 
the scale factor. 
22 
r 
The fluidic amplifier gain G is also subject to un-
predictable change-- it will change almost directly with supply 
pressure. 
The relationship between scale factor and gain is ~;1,-en 
by: 
d l'l Fo 
= 
l7. 
expressed in percent change: 
18. - d (G)% 
(l+KnAnG ) 
Kf / 
The effect of amplifier gajn on scale factor has again 
heen reduced by a factor equal to the loop gain. With a loop gain 
of 10 supply pressure changes of 10% will give changes in scale 
factor on the order of 1%. 
If the loop gain is sufficiently high the scale 
factor is given by: 
w 
K A 
n n 
On a percentage basis there will be a one to one 
relationship between scale factor change and change in the nozzle 
coefficients Kn and An. 
The effect of misalignment and other sources of bias 
are also reduced by loop gain. 
The relationship between the pressure required to 
satisfy a force balance and an initial misalignment D between 
o jet pipe ~nd pick-off amplifier !g given by: 
20. LlPo - G D a 
23 
I 
v 
expressed as a ratio of the range. 
21. gB 
+~ 
Using typical values of D ,. .008" 2nd g - 1: 19 and 
max ~ 
a loop gain of 10, the bias gB 
ment is . 0125g. 
resultin~ from a .001" misalign-
Another common source of bias is dissymmotry i'~ the fluid 
amplifier. A differentil1 pressure will be present on the output 
when the input signal is zero. The resulting closed loop ~ias is 
given by~ 
22. 
-n+KnAnG ) 
Kf 
LJ Pg is the open loop 
output of the amplifier and ~I~f is 
Ii'or example, if ~ fs is 10% of the 
m ... ximum grange anc! the loop gain is 
of the full range. 
24 
bias pressure appearing on the 
the closed loop bias pressure. 
output p~essure required for 
10, then the bias K will be 1% 
r 
1 
I 
I 
t, 
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4.0 HARDWARE nESIGN 
4.1 General Design Parame,ters 
The majur design parameters of the acceleromet~r are 
fairly well established once the steady state loo~ gain require-
ments and pick-off amplIfier geometry have been determined. 
The approximate size of the pick-off amplifier ca.l be 
established by consideration of equation 7 in section 3.1. The 
amplifier should not be 80 s~all that the minimum bandwidth to 
satisfy range exceed8 the design goal bandwidth. The numerical 
example given in section 3.1 indicates that the pick-off amplifier 
nozzle or the inner diameter of the jet pipe should not be le~s than 
.008 inches. The design equations show loop gain to be invorsely 
proportional to flexure gradlent. Flexure gradient should then be 
as low as possible, the jet pipo and hence the pick-off amplifier should 
be as small as possible. The logical choice of amplifier and jet 
pipe are then the smallest whicll are consistent with bandwidth 
consideration. A 8tanda~d Genera! Electric proportional amplifier 
ver~ closely matches the minimum size and was choAcn as the pick-
off amplifier. An .01" inside diameter jet pipe is optimum for \lse 
with this ~mplifier, 
From equation 9, section 3.1, the natural frequency of 
the flexure is estat~ll~hed at apprOXimately 11 HZ. 
A loop gain of at least 10 was chosen to minimize the 
effects of temperature, mechanic.l and fluidic bias's and supply 
Jressure changes. The open loop ~ain and phase margin required to 
meet the design goals on response and phase lag are shown in Figure 
4.1. Phase lf~adB of 50 to 60 degr~es are required in the frequency 
band around cross over. This phase lead must be supplied by the 
fluidic circuits tn that flexure damping is negligible. 
4~2 !lexure D0si~ 
A sketch of the seismic mass flexure is shown in Figure 
4.2s Tt:le primary flexure consists of a stainless steel tube with an 
ID of .. Gl" and a wall thickness of .004". ThG flexure 1s stiffened along 
the insensitive axis by twu ~nstre8sed stainle8~ guy wires. The 
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resultant forces from the guy wires and flexur~ are applied through 
the center of mass to minimize coupling of forces acting along the 
insensitive axis. This particulaI design has a high ratio of stiff-
ness along the insensitive axis n stiffness along the sensitive axis. 
23. 
The spring gradient of a hollow tube 
4 
&+3/k 3EI 3ETr D j Kf = T -' i313 k 
I cross sectional moment of inertia 
E = modules of elasticity 
1 = length 
D{= inside diameter of tube 
k = ratio of ID to wall thickness 
flexure is given by: 
+ 
4/ ? k~ 2/ 3 ) + k 
Using a staj,nless tube with an ID of .01 inches and a 
wall thickness of .004" the gradient is .38 Ibs/in for a one inch 
length. This gradient is in~reased to .41 IbE/in for a one inch 
flexure length when factoring in the cross sectional moment of the 
guy wires~ 
The w~ight of the seismic mass was established at .007 
Ibs from the output amplifier considerations. The gradient required 
to get a 11 HZ resonance is then; 
24. 
= .086 #/10 
-----g 
And the required length is: 
1 = (.41/.086)1/3 = 1.67 inches 
The gradient along ., !,~~ 
, "" '-' 
insensitive axis is given by: 
25. 
Ie",« = KSif)l..e 
.,-.... 
K-gradient of ODe guy wire in tension 
8-angle between the guy wire and primary flexure. 
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For the spe~ific design K is equal to 510 Ibs/in and an 
o 
angle of 15 was selected for 6. 
then: 
= 510 (.258)2 - 34 #/in 
The ratio of gradient along the two axis is then 34/.086-
400:1. Drawing #542C601 in the appendix shows the farbication details 
for the flexure assembly. The flexure on the delivered hardware 
II 
. 
'. '" 
deviates from the drawing in that the parts were joined by soft solder ~ 
rather than copper braze. Attempts at joining the parts by copper 
brazifiL were unsatisfactory in that the resulting flexure had either 
very little initial restraint along the insensitive axis or exhibited 
a snap action along the sans~tive axis. The probable cause is uneven 
stressing of the wires during brazing and subsequent cooling. 
The soft solder presented no fabrication problem and 
does give a satisfactory assembly for temperatures up to 300°F. 
Extension of the temperature range will require perfecting of the 
high temperature braze technique. 
4.3 ~ul1ing Nozzle and Output Amplifier Design 
The overall design philosophy on the accelerometer is to 
provide sufficient loop gain so that the accelerometer characteristics 
are determined entirely by the feedback gain and seismic mass. The 
feedback is through the nullinr nozzle, hence the accelerometer linear-
ity and scale factor are set almost entirely by the effecti~e area and 
force coefficient of the nozzles. 
The force developed by a nozzle ~n a flat surface varies 
from the static pressure force (product of area and supply pressure) 
at very small nozzle to surface gaps to a value twice the static 
pressure force at large gaps. For this application it is necessary 
that the nozzle force be independent of gap and th~t the force be as 
high as possible for a given supply pressure. Both these considera-
tions dictate operating with a large ~ap. When the gap is greater 
than several nJzzle diameters the force is essenti~lly independent 
of gap and has reached its maximum ~alue. This is illustrated by 
Figure 4.3 which 'is a plot of measured force on a flat surface VB. 
gap. A nomidal gap of 2.5 times the nozzle dlame~er was established 
as the uperating gap. 
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The linearity of the force vs. pressure relationship 
was determined by teEts on various nozzle configurations. The tests 
consist~d of measuring pressure recovery at the jet center line as 
well as force measurements. 
Pressure measurements were made with a small pitot tube 
located 2.5 nozzle diameters from the nozzle exit. The results from 
two configurations are plotted in Figure 4.4. The ~ecovery pressure 
is lower with the orifice -- however the pressure recovery in both 
instances i~ directly proportional to supply pressure which indicates 
that there are no non-linear losses occurring in the nozzles. 
Figure 4.5 shows the relationship between the force 
produced on a flat plate and supply pressure. The relationship is 
linear even though there is a considerable discrepancy between the 
measured force and the theoretical value of twice the static force. 
The force coefficient can be increased significantly by directing 
the jet at a hemispherical cup as shown in Figure 4.5. However, the 
linearity and stability are definitely worse than for a flat surface. 
The matching of the power amplifier to the nulling nozzle 
is based on maximizing the force for a given supply pressure and 
nozzle flow in the output amplifier~ This will. give the accelero-
match can be established by determining force vs. nozzle area for 
a given output amplifier. F'igures 4.6 and 4.7 show br-'~h the pressure 
drop across the nulling nozzle VS. nozzle area and t~e force vs. 
nozzle area. There is a fairly well defined optimum operating point 
which is independent of supply pressure ove~ the range tested. This 
point is where the area of the nulling nozzle is apprOXimately equal 
to the nozzle area of the output amplifier. Referring to Figure 4~6 
it is evident that the pressure drop across the nozzle is relatively 
low at the optimum operating point as compared to blocked load 
pressure recovery& It is then apparent that the output ~tage should 
not be operated with a nozzle which gives very high scale factors. 
It should be operated at about 50% of the maximum scale factor 
obtainable with very small nulling nozzles. 
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The absolute size of the nulling nozzles is somewhat 
arbitrary. It is based on practical trade·ooffs between the flexure 
design and output amplifier. From the standpoint of the flexure 
the seismic mass wants to be large so that the relatively low 
resonant frequency can be obtained with a short, compact flexure. 
However, a large mass requires large nozzles to meet the specified 
g range, and from the standpoint of minimizing power in the output 
amplifier the mass and consequently nozzles should be as small as 
possible. A seismic mass of .007 lbs was selected as a reasonable 
compromise. 
2 An output amplifier with a .0016 in power nozzlp 
2 driving a .0016 to .002 in nulling nozzle gives a good operating 
force margin with this mass (see Figure 4.7) and the flexure design 
is reasonably compact. 
The output amplifier is made up of standard amplifi~r 
laminations stacked to give a nozzle area of .0016 in2 (.02" x .08'). 
The output amplifier is combined with a standard proportional pre-
amplifier in one common module. 
4.4 Lead-lag Circuit Desig~ 
Two approaches to the lelia-lag circuit are shown in Figure 
4.8. The circuit of Figure 4.8a is based on a standard proportional 
element with inductive shunts on the output o With this configuration 
the lead break is determined primarily by the ID of the tube used as 
the inductance, the lAg break is determined by the total inductance 
or both the ID and length of the tube. The transfer function for 
this configuration is given by; 
26. 
p 
o r.- = 
i 
(1+ 
L 
Sa) 
s 
GB - blocked load gain of amplifier 
RS resistance of tube used as inductance 
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R - output impedance of amplifier 
o 
Ri - input impedance of driver stage 
L - inductance of tube. 
Gain and phase data for this circuit are plotted in 
Figures 4.9 and 4.10. The top frequency limit is determined by the 
quarter wave length resonance of the tube used as the inductance. 
This approach is particularly attractive where ve.~y high bandwidths 
are needed. For example, with a 6 inch length of tube, pha8e leads 
of 52 0 @ 200 HZ and 20° <OJ 400 HZ were obtained. A 12" tube length 
is optimum for a system crossover in the vicinity of 100 HZ yield-
ing a phase lead of 55° at that frequency. Care must be exercised 
in applying this approacil in that the circuit exhibits a damped 
resonanc~ in t~le vicini ty of the lag break. 
The second approach consists of a standard operational 
amplifier with a lvg circuit in the feedback. The lead time 
constant is determi~ed by the resistance-capacity time constant 1n the 
feedback network. The lag break is determined by the amplifier 
loop gain -- the fuaximum upper limit is set by the maximum cross-
over frequency of the amplifier. The transIer function is given by 
Po Rf ( l+Rt S) 
27. ~ Ri -- (f+""RfC S ) 
4(GH) 
~ 
k f - Total resistance in feedback path 
Ri - input resistance 
C - c a pa cit a nc e 
GH - loop gain 
A plot of gain and phane shift are shown in 4.11. 
circuit yields a phase lead of FOo @ 100 HZ. 
The operational amplifier approach wae ~elected tor this 
application primarily because its steady rtate characteristics are 
fixed and well known. 
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4.5 Base and Manifold 
The main objective of the layout design is to achieve as 
short a signal path as possible (each 1 inch of length contributes 
30 phase lag @ 100 HZ) and to provide a stable base to attach the 
seismic mass and pick-off amplifiers. Provision must also be made 
for trimming the accelerometer. The general layout and assembly is 
shown in ~rawing 542C 00 and 422D565 in ~he appendix. 
The signal path essentially doubles back on itself in 
going from the pick-off back to the nulling nozzle. Til~ path length 
is slightly under 4 irches in the manifold assembly which results in 
a phase lag of 120 at 100 HZ. 
The only adjustment on the accelerometer which is criti~al 
is alignment of the pick-off amplifier and the jet pipe. A 
relative course adjustment is required along the insensitive axis. 
Tllis adjustment effects only the gain of the loop and is d~ne by 
placing shims betweer, '~he manifold and the amplifier base. Correct 
shim height can be determin~d by visual inspec~ion. The second 
adjustment trims out any biases in the accelerometer and should be 
m~de with the accelerometer operating closed loop. The accelero-
meter is mounted on a horizontal surface so that zero g's are applied 
to the mass. With a manometer on the accelerometer 0Utput the pick-
off amplifier is moved along the sensitive ~xis until the output of 
accelerometer is nulled. The pick-off amplifier is ~ecured in this 
pos i tion. 
the 
Connections to the assembly consist of one pneu~atic 
power supply line and two output lines. 
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5.0 TESTS 
This section d~scri. s the tests which were made to determine 
the static and dynamic characteristics of the accelerometer. 
5.1 Static Tests 
The determination of scale factor, stability of scale 
factor, linearity and bias g's are the prime objectives of ~tattc 
~ tests on the accelerometer. These tests are made by varying the 
i~clination angle of the sensitive axis relative to gravitational 
; 
.~~ 
:t ac~eleratton, 
Figure 5.1 is a plot of accelerometer output vs. g for 
two values of supply pressure. A 25 percent increase in supply 
pressure results in a 3% increase in scale factor. The measured 
change is in close agreement with the predicted baaed on a loop 
gain of 10. 
Scale factor vs. temperature was measured by setting a 
fix~d inclinatton angle on the accelerometer and then varying 
temperature without disturbing the angle. The output was monitored 
to measure the pressure drop across each nulling nozzle as well as 
the differential pressure. A representative test result is shown 
in Figure 5.2. In general, the characteristics of the circuits 
changed as evidenced by the increase pressure drop acrOSl:i each 
" nozzle as temperature increased_ However, the differential pressurt! 
remained relatively constant. The expected change in scale ~actor 
is less than .5% over the temperature range tested. Test results 
show negligible changes with temperatur~. 
Null shift vs. temperatur~ was determined by setting 
the inclination angle for zero applied g and then varying the 
temperatu~e. Results are shown in Figure 5 0 3. The pressure drop 
across each nozzle is plotted as well as the equivalent null shift. 
The equivalent g's were determined from the measurement of differ-
en~ial pressure and measured scale factor. The change in null is 
approximately .006g over the temperature range tested~ This is 
well within the linearity and scale factor requirements m 
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The RMS noise VB. bandwidth is shown in Vigure 5.4. 
The noise is given in equivalent g's. Noise was measured directly 
across the nulling nozzles and pkssed through the indicated low 
pass filter. The noise is fairly well concentr'ated at the low end of 
the frequency spe(~trum aE evidenced by the steep slope of noise vs. 
bandwidth at the low frequencies. In many appllcatior.s noise will 
determine the minimum detectable g and is re~resentative of the 
accelerometer threshold. 
5.2 ~namic Tests 
Dynamic tests were performed to establish the accelero-
meter galn and phasp ch~racteristics VS. frequency. Both open and 
closed loop tests were performed. 
Open loop tests were made by coupling the output of a 
pneum~tic signal generator into the accelerometer nulling nozzles. 
The output amplifier was loaded with a dummy load simulating the 
nulling nozzles. The input pressure to the nulling nozzles was 
then compared to the output pressure across the dummy load. This 
method includes the dynamics of all components of the accelerometer. 
Closed loop tests were performed by exciting the seismic 
mass with a signal generator coupled into a set of auxiliary nozzles. 
The input to the auxiliary nozzles w~s then compared to the output 
across the acceleromet{;:j' nulling nozzles. 
Closed loop test results were 3um~arized in section 2. 
Data o' response and phase lag is shown in Figure 2.6 and 2.7. 
Open loop test results are plotted in Figures 5.5 to 
5.7. Results in Figures 5 Q 5 and 5.6 were obtained with a lead 
break frequency of 20HZ in the lead-lag operational amplifier. 
Open loop cross over is at 80 HZ. Preliminary test results as 
shown in Figure 5.5 exhibited a lightly damped resonance in the 
system at 220 HZ. The acceleromei~r was unstable and oscillated at 
,that frequency when the loop was closed. The source of the 
resonance was f'ouY~d to be a secondary mode of oscillation on this 
flexure. The freque~cy of this mode is dEtermined by the moment 
of inertia of the seismic mass about its center of mass and the 
47 
~' 
£ 
(f l~._ 
rrr.-~ni 
.
 
~ 
.
 : !' 
I I 
! 
.
-
48 
t!!: til 
I 
'I 
I Ii 
.
.,. 
II 
C ilil I:u 
c 
;illi ~m !f 
•
 
I "
,
 +
 :ili 
' 
j 
i! 
'j:j 
., 
,:. I 
iii, 
I' 
.
 
.
 Hi 
•
 
j' 
i 
,. 
" ~. \ri;. 
r 
~ 
,. 
, 
t 
f leXul'A S [lrtng grno.ien t res is t i ng tl',e turn.ing momen t abou t the cen ter 
of mass. This mode can be excited by any couple about the center of 
the mass, the cOI.ple is minjmi7.~d when the axis of the nulling 
noz~les coi~ci~es with the center of mass. Figure 5.6 is a gain plot 
after adjusting the nulling nozzles to reduce the couple, so that 
stab:e closed loop operation can be obtained. 
Fro~ Filures 5.5 and 5.6 it !s evident that open loop 
phase lead drops 0: f fair-)y rapidly atove 80 HZ and, consequently, 
80 HZ represents a realistic upper limit on system cross uver. The 
+ range of this accelerometer was only _ .. 6g. Extension of the range 
requires an increa~e in proportional gain and a corresponding 
increase in system 100p cross over, Unstable operation will be 
encountered with any significant increase in cro~s over. Moderate 
increases in range can be made if the lead break frequency is 
increased at the same time that the proportional gain is increased. 
Thi§ tends to lower the overall loop cross over - the loop cross-
over tendE to approach the minimum ~ross over indicated in section 
3.1. Figure 5.7 is a plot of open loop gain and phase after modifi-
'1 
cation to extend the range to - .8g. The increase in range was 
made by compromising response and phase lag as evidenced by Figures 
2.6 and 2.7. 
Compliance with the design goals with respect to both 
range ana response will require an integrator in the fluidic circuit. 
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APPENDIX 
ACCELEROME11ER DRAWINGS 
Assembly 422 D 565 
BaRe and Manifold 542 C 600 
Flexure 542 C 601 
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